The aim of this study was to characterize the interaction of KYSE-410, an esophageal squamous cell carcinoma cell line, and fibroblasts with respect to the extracellular matrix component hyaluronan (HA) and chemokine expression. KYSE-410 cells induced the mRNA expression of HA synthase 2 (Has2) in normal skin fibroblasts (SF) only in direct co-cultures. Parallel to Has2 mRNA, Has2 antisense RNA (Has2os2) was up-regulated in co-cultures. Knockdown of LEF1, a downstream target of Wnt signaling, abrogated Has2 and Has2os2 induction. After knockdown of Has2 in SF, significantly less ␣-smooth muscle actin expression was detected in co-cultures. Moreover, it was investigated whether the phenotype of KYSE-410 was affected in co-culture with SF and whether Has2 knockdown in SF had an impact on KYSE-410 cells in co-culture. However, no effects on epithelial-mesenchymal transition markers, proliferation, and migration were detected. In addition to Has2 mRNA, the chemokine CCL5 was up-regulated and CCL11 was down-regulated in SF in co-culture. Furthermore, co-cultures of KYSE-410 cells and cancer-associated fibroblasts (CAF) were investigated. Similar to SF, Has2 and Ccl5 were up-regulated and Ccl11 was down-regulated in CAF in co-culture. Importantly and in contrast to SF, inhibiting HA synthesis by 4-methylumbelliferone abrogated the effect of co-culture on Ccl5 in CAF. Moreover, HA was found to promote adhesion of CD4 ؉ but not CD8 ؉ cells to xenogaft tumor tissues. In conclusion, direct co-culture of esophageal squamous cell carcinoma and fibroblasts induced stromal HA synthesis via Wnt/LEF1 and altered the chemokine profile of stromal fibroblasts, which in turn may affect the tumor immune response.
Tumors are complex tissues that are composed of neoplastic tumor cells, a variety of stromal cell types, and extracellular matrix (ECM). 2 The various cell types form a microenviron-ment that actively contributes to tumorigenesis. Major cell types of the tumor-associated stroma are cancer-associated fibroblasts (CAF). In normal tissues, fibroblasts fulfill a variety of homeostatic functions, such as the maintenance of the structural integrity of the connective tissues and of the ECM. In addition, they interact with other cell types, such as endothelial cells, epithelial cells, and immune cells. CAF additionally promote cancer progression (1) . They are known to secrete growth factors that support tumor cell proliferation, metastases, and angiogenesis (1) (2) (3) . In addition, CAF influence cancer cell phenotypes, such as stemness, and they can induce epithelial-mesenchymal transition (EMT) (4) . Moreover, they modulate the inflammatory response in tumor tissues. CAF can express interleukin (IL)-6, IL-1␤, and TNF␣ and chemokines, such as CXCL1, -2, -12, and -14 and CCL2, -5, and -7 (1, 4, 5) . They are involved in the recruitment of immune cells, such as macrophages, myeloid-derived suppressor cells, and T lymphocyte subsets, which may in turn show tumor-promoting properties (1) . Furthermore, CAF are responsible for production and remodeling of the ECM in the tumor (2) .
Hyaluronan (HA) is a component of the ECM, and stromal HA is associated with decreased disease-free survival in breast cancer and non-small cell lung adenocarcinoma (6, 7) . Knockout of HA synthase (HAS) isoforms in some cancer cells decreases the tumor volume of murine xenograft tumors and is associated with decreased proliferation or induced apoptosis (8 -11) . Inhibition of HA synthesis by 4-methylumbelliferone (4-MU) effectively attenuates the growth of subcutaneous xenograft tumors of esophageal squamous cell carcinoma (ESCC) cells in nude mice (8) . In contrast, the huge amount of high molecular weight HA was discussed as contributing to the cancer resistance of the naked mole rat, and subcutaneous tumor growth of transformed rat 3Y1 fibroblasts was reduced upon HAS2 overexpression (12, 13) . Additionally, HA synthesis may modulate cell migration, metastases, angiogenesis, and EMT (9, 10, 14 -18) .
Several in vitro experiments of cancer cells and fibroblasts showed that cancer cells are able to induce a fibroblast phenotype that can be characterized by the differential expression of growth factors, chemokines, cytokines, and components of the ECM (19 -24) . This study focuses on changes of chemokine expression and HA synthesis in fibroblasts in the interaction with an ESCC cell line. Primary normal skin fibroblasts (SF) displayed increased Has2 and Ccl5 as well as decreased Ccl11 mRNA expression upon direct co-culture with KYSE-410 cells. Parallel to Has2, the Has2 antisense RNA Has2os2 was up-regulated in co-culture. The observed increase in Has2 mRNA and Has2os2 expression was dependent on lymphoid enhancer binding factor 1 (LEF1) expression.
Interestingly, Has2 and chemokines were regulated in CAF in a similar way as in SF. In co-cultures of CAF and KYSE-410 cells, chemokine expression was in part dependent on HA synthesis. Moreover, HA was important for binding of CD4 ϩ T-helper cells to xenograft tumor sections.
Experimental Procedures
Cell Culture-Human KYSE-410 cells were purchased from the Leibniz Institute DSMZ German collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and maintained in RPMI 1640 GlutaMAX TM I medium (Gibco Life Technologies, Paisley, UK) supplemented with 10% fetal bovine serum (FBS; Gibco Life Technologies) and 1% penicillin and streptomycin (Gibco Life Technologies). HAS2 flox/flox mice as described previously (25) were crossed with an ubiquitous Cre deleter mouse line (ROSA26CreER T2 ) (26) to establish a conditional tamoxifen-inducible Has2 deletion. Primary murine SF were isolated from the skin of NMRI nude mice (Taconic Biosciences, Inc.) or ROSA26CreER T2ϩ/Ϫ /HAS2 flox/flox mice. After digestion with 5 units/ml dispase II (Roche Diagnostics GmbH, Mannheim, Germany), the dermal tissue was scraped off of the epidermis and subsequently digested using 1000 units/ml collagenase from Clostridium histolyticum (Sigma-Aldrich). After the addition of ice-cold culture medium (DMEM, high glucose, GlutaMAX TM supplemented with 20% FBS, 1% minimum essential medium non-essential amino acid solution, and 1% penicillin and streptomycin), the cells were separated from remaining tissue fragments by the EASY-strainer TM cell strainer with mesh sizes of 70 or 100 m (Greiner Bio-One, Frickenhausen, Germany). Has2 knockdown was induced in SF from ROSA26CreER T2ϩ/Ϫ /HAS2 flox/flox mice in vitro by treatment with 4-hydroxytamoxifen (500 nmol/liter) for 24 h minimum. Knockdown was confirmed by quantitative real-time PCR (qPCR).
CAF were prepared from subcutaneous xenograft ESCC tumors of NMRI nude mice. The procedure for ESCC cell injection was in accordance with the national guidelines for animal care and was approved by the local research board for animal experimentation (LANUV, Landesamt für Natur, Umwelt, und Verbraucherschutz NRW). Tumors were minced and subsequently digested twice for 20 min with 300 collagen-degrading units/ml collagenase from C. histolyticum and 0.96 units/ml dispase II. In between and at the end, it was processed in the gentleMACS TM dissociator (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Cells were then filtered in an EASYstrainer TM cell strainer with a mesh size of 40 m. Afterward, murine fibroblasts were magnetically separated by Feeder Removal MicroBeads (Miltenyi Biotec GmbH) according to the manufacturer's protocol. SF and CAF were maintained in DMEM, high glucose, GlutaMAX TM supplemented with 20% FBS, 1% minimum essential medium non-essential amino acid solution, and 1% penicillin and streptomycin (all from Gibco Life Technologies). Cells were cultured in a humidified atmosphere at 37°C and 5% CO 2 .
For standard direct co-culture experiments, cells were seeded in RPMI 1640 GlutaMAX TM I medium supplemented with 10% FBS and 1% penicillin and streptomycin at a total of 50,000 cells/well in a 6-well cell culture plate. For indirect co-culture, cell culture inserts of stainless steel were fixed in a 6-well plate with 0.8% agarose solution. Subsequently, cells were seeded in separate wells in 400 l of medium. After adhesion, medium was changed to 2 ml. In addition, KYSE-410 or SF cells were seeded in ThinCerts TM cell culture inserts (Greiner Bio-One) with 0.4-and 1.0-m pore sizes that were placed in a 6-well plate containing 50,000 SF for indirect co-culture.
In some experiments, cells were treated with 4-methylumbelliferone sodium salt (Sigma-Aldrich) at a final concentration of 300 mol/liter. Actinomycin D (5 g/ml; AppliChem GmbH, Darmstadt, Germany) was added to the cells for RNA stabilization experiments.
siRNA Transfection and Treatment with MEK1 Inhibitor-Cells were transfected with siRNA using Lipofectamine RNAiMAX (Life Technologies, Inc.) according to the manufacturer's instructions for "reverse transfection." Briefly, 24 pmol of Mm_Bsg_3 (catalog no. SI00187376, Qiagen, Hilden, Germany), Hs_BSG_1 (catalog no. SI00313733, Qiagen) or Has2os2 (target sequence 5Ј-GCCAAGGCCTGATGTTCAA-3Ј; Sigma) or 72 pmol of Mm_Lef1_5 (catalog no. SI02713025, Qiagen) or the respective amount of control (AllStars Negative Control siRNA, catalog no. SI03650318, Qiagen) were mixed with 4 l of transfection reagent and 400 l of medium free of serum or antibiotics in a 6-well plate. Cells were then added in medium containing 10% FBS. After 24 h, medium was changed, and KYSE-410 or SF cells were seeded together with the transfected cells for co-culture experiments. Knockdown was confirmed by qPCR. Cells were treated with 50 mol/liter PD98059 (Calbiochem, Merck KGaA, Darmstadt, Germany) or vehicle (DMSO) 24 h after seeding for an additional 24 h.
Flow Cytometry-A total of 25,000 SF, CAF, or KYSE-410 cells were cultured for 3 days in monoculture or co-culture. After trypsinization, KYSE-410 cells were labeled with CD326 (EpCAM)-PE antibody (Miltenyi Biotech GmbH) at 4°C for 30 min. KYSE-410 cells were quantified by the Gallios TM flow cytometer (Beckman Coulter, Inc.) after the addition of Flow Count TM Fluorospheres (Beckman Coulter Inc., Brea, CA). To determine the proliferation of fibroblasts, cells were incubated with 2.5 mol/liter Cell Trace TM CFSE cell proliferation kit (Molecular Probes, Life Technologies, Inc.) before seeding. Cells were trypsinized, and mean fluorescence intensity was determined 1-4 days after seeding.
For analysis of macrophages in KYSE-410 xenograft tumors, tissue homogenization was performed as described above for CAF isolation. The following antibodies were used for staining: anti-F4/80-AlexaFluor488 (clone BM8), CD45-PE (30-F11), CD206-AlexaFluor647 (C068C2), and CD11b-PacificBlue TM (M1/70) (all from BioLegend).
Time Lapse Microscopy-Time lapse microscopy was performed with the Zeiss Axio Observer Z.1 microscope (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) using the definite focus assistance device. The mean speed of randomly migrating cells was determined by tracking of Ն5 cells/condition in three independent experiments. For this purpose, the Fiji manual tracking plugin (27) was used.
Fluorescence Microscopy-Before staining of frozen sections (10 m) of subcutaneous ESCC xenograft tumors, nonspecific binding was blocked by the avidin/biotin blocking system (Thermo Fisher Scientific) and PBS supplemented with 10% FBS and 2% bovine serum albumin. Sections were stained for ␣-smooth muscle actin (␣SMA, catalog no. ab5694, Abcam, Cambridge, UK; 1:100) or Mac2 (catalog no. CL8942AP, Cedarlane, Burlington, Canada; 1:100), cytokeratin 18 (CK-18, catalog no. GP-CK18, Progen Biotechnik GmbH, Heidelberg, Germany; 1:100), and HA (biotinylated HA-binding protein, Calbiochem; 1:50). The following fluorochrome-conjugated probes were used: Alexa Fluor 568 goat anti-rabbit (␣SMA, catalog no. A-11036, Life Technologies; 1:200), Rhodamine Red X anti-rat (Mac2, catalog no. 112-295-167, Dianova; 1:100), FITC anti-guinea pig (CK-18, catalog no. 106-096-003, Dianova; 1:200), and ZyMAX TM Cy TM 5 streptavidin (HA, Invitrogen; 1:50). Roti-Mount Fluor Care DAPI (Carl Roth GmbH, Karlsruhe, Germany) was used for nuclei staining and mounting of sections.
Cells were grown on glass coverslides in 24-well cell culture plates and fixed with 70% ethanol, 5% acetic acid, and 3.7% formaldehyde in PBS for HA staining. The staining of CK-18 and HA was performed using the probes mentioned above. For CK-18 staining, primary and secondary antibodies were used in a 1:500 dilution. Biotinylated HA-binding protein and ZyMAX TM Cy TM 5 streptavidin were diluted 1:250. Slides were mounted in ProLong Gold Antifade Mountant with DAPI (Life Technologies). For staining of CK-18 and ␤-catenin, cells were fixed with 50% methanol, 50% acetone at Ϫ20°C and permeabilized with 0.1% Triton X-100 in PBS for 5 min. After blocking, cells were incubated overnight at 4°C with primary anti-␤-catenin antibody (catalog no. 9582, Cell Signaling Technology, Danvers, MA; 1:500). Alexa Fluor 568 goat anti-rabbit secondary antibody was used in a 1:1000 dilution. CK-18 staining was performed as described above. Fluorescence images were captured with the Zeiss Axio Observer Z.1 microscope and the ApoTome.2 module (Carl Zeiss MicroImaging).
Isolation of Human CD3 ϩ , CD4 ϩ , CD8 ϩ , and CD14 ϩ Cells and Adhesion on Xenograft Tumor Sections-Human peripheral blood mononuclear cells were separated from buffy coat of healthy donors by density gradient centrifugation using Ficoll-Paque TM PLUS (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Subsequently, cells were isolated with magnetic CD3, CD4, CD8, and CD14 MicroBeads according to manufacturer's protocol (Miltenyi Biotech GmbH). Before CD4 ϩ and CD8 ϩ cell isolation, CD14 ϩ as well as CD56 ϩ cells were removed with magnetic beads (Miltenyi Biotech GmbH). CD3 ϩ , CD4 ϩ , and CD8 ϩ cells were activated using particles loaded with antibodies against human CD2, CD3, and CD28 (T cell activation kit, Miltenyi Biotech GmbH) for 3 days.
The cells were labeled with a final concentration of 10 g/ml Calcein-AM (EMD Chemicals, Inc., San Diego, CA). A total of 6.5 ϫ 10 5 cells were incubated on fixed frozen xenograft tumor sections for 30 min, shaking, at 70 rpm at room temperature. A consecutive section was digested with hyaluronidase from Streptomyces hyalurolyticus (Sigma) at a final concentration of 4 units/ml for 1 h at 37°C before cells were added. Non-adherent cells were removed by washing with TBS, and subsequently, slides were fixed with acetone and mounted in Roti-Mount Fluor Care DAPI. Mosaic images of whole tissue sections were acquired with the Zeiss Axio Observer Z.1 microscope. Bound cells were counted, and the area was determined by Fiji software (27) .
Quantification of HA, CCL5, and CCL11-To quantify the amount of HA in cell culture supernatants, cells were grown as described above. Supernatants were harvested after 24 h, and HA content was determined with the hyaluronic acid test kit (Corgenix Medical Corp., Broomfield, CO) and normalized to 25,000 fibroblasts or KYSE-410 cells, respectively. CCL5 was quantified in supernatants conditioned for 48 h by 25,000 fibroblasts or 25,000 KYSE-410 cells in mono-and co-cultures with the RANTES (regulated on activation normal T cell expressed and secreted) (CCL5) mouse ELISA (Abcam). To obtain detectable amounts of CCL11, 25,000 cells of each cell type were cultured alone or in co-culture in serum-free DMEM for 60 h. For analysis with the eotaxin single analyte ELISArray kit (Qiagen), 100 l of medium and 100 l of antigen standard dilutions ranging from 15.6 to 500 pg/ml were used.
Western Blotting-After 48 h of co-culture, cells were lysed with a buffer containing 125 mmol/liter Tris, 4% SDS, 100 mmol/liter dithiothreitol, 20% glycerol, and protease inhibitors. Proteins were separated by standard 10% SDS-PAGE and blotted onto nitrocellulose membranes. They were probed with anti-␣SMA antibody (catalog no. ab5694, Abcam; 1:2000) and anti-␤-tubulin I antibody (catalog no. T7816, Sigma-Aldrich; 1:10,000). Anti-rabbit IRDye800CW (␣SMA) and anti-mouse IRDye680LT (␤-tubulin, both from LI-COR Biosciences, Lincoln, NE) were used as secondary antibodies in a 1:5000 dilution for visualization and quantitation with the Odyssey infrared imaging system (LI-COR Biosciences).
HA-Agarose Gel-Cell culture supernatants were collected after 48 h and digested with 250 g/ml proteinase K (Invitrogen) for 45 min at 50°C. Gycosaminoglycans were precipitated by the addition of two volumes of ethanol and incubation at Ϫ20°C for 2 h. Pellets were dissolved in Tris/EDTA buffer as well as Healon 5 (Abbot Medical Optics Inc., Santa Ana, CA) solution finally containing 25 g of HA as a positive control. Half of each sample was digested with hyaluronidase from S. hyalurolyticus (3 units/ml; Sigma) for 1 h at 37°C. Next, a 0.5% TAE-agarose gel was loaded with 30 l of the sample solution mixed with 5 l of 4 mol/liter sucrose and 2 l of bromphenol blue solved in 20% glycerol. A total of 5 l of Select-HA TM HiLadder and 5 l of Select-HA TM MegaLadder (Hyalose, LLC, Oklahoma City, OK) were used as HA molecular size markers. The gel was run at 80 V for 5 h, fixed in 50% ethanol, and stained with 0.05 mg/ml Stains All (Sigma) in 50% ethanol overnight. It was destained for 6 h in water followed by a 1-h exposure to ambient light.
qPCR-Total RNA was extracted with PeqGOLD TriFast TM (PEQLAB Biotechnologie GmbH, Erlangen, Germany) according to the manufacturer's instructions. The quantity and purity of RNA was determined by spectrophotometry (NanoDrop 1000, Thermo Scientific). A total of 1000 ng of RNA was used for reverse transcription with the QuantiTect reverse transcription kit (Qiagen), and a final concentration of 1.25 ng/l cDNA (experiments with Has2 knockdown SF and respective controls) or 2.1 ng/l cDNA (all other experiments) was used for quantitative real-time PCR. Forward and reverse primers were used at final concentrations of 0.625 mol/liter. They were designed with the Primer3Plus software (28) and Primer-BLAST (29) , and sequences are listed in Table 1 . To distinguish mRNA expression of murine SF and human KYSE-410 cells, the primers were designed to be species-specific. PlatinumSYBR Green qPCR SuperMix-UDG (Life Technologies) reagent was used, and qPCR was performed on the Applied Biosystems 7300 and on the Life Technologies StepOnePlus real-time PCR systems. Samples were measured in duplicates. C q values were determined by the 7300 real-time PCR system RQ Study Software version 1.4 (Applied Biosystems) or by the StepOne Software version 2.3 (Life Technologies) and normalized to GAPDH as endogenous control (⌬Cq). Relative quantity was calculated by 2 Ϫ⌬Cq .
Transcription Factor Binding Sites-Sequences of murine Has2 mRNA and Has2 antisense (Has2os2), including the sequence of 1000 base pairs upstream and 500 base pairs downstream from the transcription start site, were retrieved from Ensembl database release 82 (30) . The sequences were analyzed by Genomatix MatInsepctor version 8.0 (Genomatix Software GmbH) (31) .
Statistical Analysis-Data are presented as mean Ϯ S.E. Data were analyzed with GraphPad Prism version 6 software (GraphPad Software Inc., La Jolla, CA). Before statistical analysis, qPCR data were log-transformed. One outlier identified by Grubb's test was removed in Fig. 6C . However, statistical significance remained unaffected by the exclusion. An unpaired t test was used to compare two groups. For multiple comparisons, ordinary one-way analysis of variance and Sidak's multiple-comparison test were used. p values of Ͻ0.05 were considered as statistically significant. 
Results
Has2 mRNA Expression Was Induced in SF by Direct Co-culture with KYSE-410 Cells-If KYSE-410 cells were used to induce xenograft tumors in nude mice, an HA-rich matrix was associated with ␣SMA-positive cells (Fig. 1A) and with the parenchyma, as identified by CK-18-positive cells. To investigate the regulation of HA synthesis and chemokine expression in the context of interacting cancer cells and fibroblasts, we established a direct co-culture of primary murine SF and human KYSE-410 cells.
Both KYSE-410 cells and SF were associated with HA in direct co-culture ( Fig. 1B) . Furthermore, more HA was secreted into the cell culture supernatant in co-cultures compared with the respective monocultures (Fig. 1C) . HA produced by control SF in monoculture showed a strong signal of high molecular weight HA. The pattern of HA size in co-cultures resembled the SF monoculture (Fig. 1D ). Because murine SF and a human cancer cell line were used for direct co-cultures, gene expres-sion of each cell type could be analyzed using species-specific primers applying qPCR. In SF, Has2 mRNA expression was significantly induced by direct contact with KYSE-410 cells (Fig. 1F) .
Importantly, if KYSE-410 cells and SF were seeded in a way that allowed exchange of media but prevented direct cell-cell contact, Has2 mRNA expression was no longer increased (Fig.  2) . Therefore, in this set-up, direct cell-cell contact was required for Has2 induction in SF.
LEF1 Was Required for Has2 Up-regulation in SF-To further analyze the direct cell-cell contact between KYSE-410 cells and SF, the cells were stained for ␤-catenin. As shown in Fig. 3 , ␤-catenin was found at cell-cell contacts of KYSE-410 and at some heterotypic cell-cell contacts between KYSE-410 and SF. Furthermore, it could be clearly detected in the nuclear region of SF in monoculture and co-culture. ␤-Catenin can bind to members of the T-cell factor/LEF family and subsequently promote the transcription of target genes, such as Lef1 (32). Lef1 FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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was found to be up-regulated in SF in co-culture ( Fig. 3C ). Consequently, we analyzed whether LEF1 was involved in Has2 mRNA induction. Indeed, knockdown of Lef1 by siRNA (mRNA expression of Lef1: control, 1.0 Ϯ 0.14; siRNAtransfected, 0.34 Ϯ 0.09; mean Ϯ S.E., n ϭ 4) prevented the up-regulation of Has2 by co-culture with KYSE-410 cells (Fig.  3D ). Nuclear translocation of ␤-catenin may result from active Wnt signaling (32) . In this setup, direct co-culture induced Wnt2 mRNA expression in SF that in turn may autostimulate Lef1 and Has2 mRNA expression.
Recently, HAS2 antisense RNA was reported to increase HAS2 transcription in human aortic smooth muscle cells (33) . The online database Ensembl (30) describes three Has2 opposite strand transcripts (Has2os1, -2, and -3) for murine Has2. Interestingly, Has2os2 RNA shows coordinated up-regulation with Has2 mRNA in co-cultures. Likewise, up-regulation of Has2os2 was prevented by siRNA directed against Lef1 (Fig.  4A ). Has2os2 expression was effectively down-regulated by siRNA (control, 1.0 Ϯ 0.24; siRNA-transfected, 0.07 Ϯ 0.02; mean Ϯ S.E., n ϭ 4). In line with a stimulatory role of Has2os2, knockdown of Has2os2 reduced Has2 mRNA expression in co-culture ( Fig. 4C ). Hence, among others, Has2os2 potentially contributed to Has2 mRNA induction in co-culture.
LEF1 binding sites were predicted in both Has2 and Has2os2 promotor regions. This may be an explanation for the parallel regulation of both genes (Fig. 4D ). Because, as was discussed, HAS2 antisense RNA may stabilize HAS2 mRNA (34), cells were treated with actinomycin D to inhibit transcription, and subsequently mRNA expression was measured by qPCR. However, the co-culture setting did not result in Has2 mRNA stabilization (Fig. 4, E and F) .
Because it has been reported that Has2 mRNA expression in fibroblasts depends on ERK signaling (24, 35, 36) , we additionally addressed the question of whether PD98059, a MEK1 inhibitor, was able to prevent Has2 induction in co-culture. However, Has2 mRNA expression was still increased in the co-culture setting. Still, Has2 was significantly reduced when comparing PD98059-treated and vehicle-treated monocultures (Fig. 5A ). Furthermore, basigin was described previously as influencing HAS expression and fibroblast phenotypes (37, 38) . Knockdown of basigin in either SF or KYSE-410 cells did not suggest a major role of basigin in Has2 mRNA induction in co-culture (Fig. Cells-Both the co-culture setting with fibroblasts and HA actions were reported to have an impact on cancer cell phenotypes. Therefore, the mRNA expression of EMT markers fibronectin, vimentin, snai1 (SNAI1), and the epithelial marker We further investigated whether the co-culture setting enhanced the proliferation of KYSE-410 cells. After 3 days in monoculture or co-culture, respectively, KYSE-410 cells were labeled with EpCAM antibody and counted by flow cytometry. Additionally, the proliferation marker MKI67 was measured after 48 h by qPCR using species-specific primers. As shown in Fig. 6 , E and F, the proliferation of KYSE-410 cells was not significantly changed in co-culture compared with cells in monoculture. Furthermore, the random migration of KYSE-410 cells did not differ in co-cultures with Has2 knockdown SF compared with co-cultures with control SF (Fig. 6G) .
Has2 Induction in SF Did Not Induce Phenotypic Changes in
Hyaluronan in Fibroblast-Cancer Cell Interaction
Knockdown of Has2 Decreased the Myofibroblast Marker ␣SMA in Fibroblasts in Co-culture-The impact of Has2 on the fibroblast phenotype was also determined. In co-cultures of SF with Has2 knockdown and KYSE-410 cells, reduced ␣SMA expression was found compared with control co-cultures (Fig.  7A) . Therefore, HAS2 potentially promoted the development of a myofibroblast phenotype. For analysis of proliferation, SF were labeled with CFSE. No difference in fibroblast proliferation was observed comparing mono-and co-cultures and comparing Has2 knockdown SF with controls ( Fig. 7B) . Also, random migration of SF was affected neither by the co-culture with KYSE-410 cells nor by knockdown of Has2 (Fig. 7C) .
Secretion of Chemokines CCL5 and CCL11 by Fibroblasts
Was Modulated in Co-culture-Stromal HAS2 is known to play a role in the recruitment of tumor-associated macrophages (39) , and low molecular weight HA increases the number of CD3 ϩ lymphocytes in a murine colorectal carcinoma model (40) . Therefore, we analyzed whether other chemoattractants are modulated by the interaction of KYSE-410 cells and SF. As shown in Fig. 8 , the chemokine CCL5 was up-regulated, whereas CCL11 was down-regulated in SF in co-culture. Ccl2 and -7 and Cxcl1 and -12 mRNA expression in SF were not significantly modulated by co-culture ( Fig. 8A) .
Murine CCL5 protein was detected in cell culture supernatants of SF monocultures and of co-cultures. It was significantly elevated in the co-culture compared with the monoculture setting ( Fig. 8B) . Likewise, Ccl5 mRNA expression was increased in SF co-cultured with KYSE-410 cells (Fig. 8C ). To investigate whether this up-regulation was dependent on the observed induction of Has2 mRNA in SF, we conducted co-culture experiments with Has2 knockdown SF or treated cells with the HA synthesis inhibitor 4-MU. Impaired HA synthesis did not affect Ccl5 mRNA induction in co-culture (Fig. 8, C and D) . CCL5 can affect cancer cell behavior through its receptor CCR-1, -3, or -5 (41) . However, in KYSE-410 cells, only CCR1 mRNA was consistently expressed in monocultures and cocultures as measured by qPCR (Fig. 8E ). CCR5 mRNA expression was below the limit of detection, and CCR3 could only be detected in one of the six lysates of monocultures and co-cultures.
For quantification of murine CCL11 by ELISA, cells had to be cultured in serum-free medium for 60 h. Under these conditions, CCL11 was detected in all supernatants of SF monocultures but only in one of four supernatants of co-cultures (Fig.  8F ). This finding corresponds to the decreased Ccl11 mRNA expression in co-culture. Again, a potential effect of impaired HA synthesis on Ccl11 regulation was evaluated using Has2 knockdown SF or treatment with 4-MU. Ccl11 mRNA showed a trend toward decreased expression in co-cultures with Has2 knockdown SF and in cells treated with 4-MU (Fig. 8, G and H) .
Has2 and CCL5 Were Increased and CCL11 Was Decreased in CAF in Co-culture-The findings presented above sought to model the reprogramming of normal tissue fibroblasts upon initial contact with cancer cells. It was of interest to determine whether Has2, Ccl5, and Ccl11 mRNA expression were also modulated in differentiated CAF. Therefore, CAF were isolated from subcutaneous ESCC xenograft tumors and seeded in direct co-cultures with KYSE-410 cells. Subsequent qPCR analysis revealed that Has2 (Fig. 9A) and Ccl5 mRNA expression were also induced in CAF, whereas Ccl11 mRNA expression was reduced (Fig. 9, C and D) . However, impaired HA synthesis by 4-MU treatment did not result in decreased ␣SMA in Western blotting analysis (Fig. 9B ). Furthermore, interfering with HA synthesis by 4-MU treatment reduced the regulation of chemokines in CAF. Specifically, in 4-MU-treated co-cultures, mRNA expression of Ccl5 was significantly lower and mRNA expression of Ccl11 was significantly higher as compared with vehicle-treated co-cultures ( Fig. 9, C and D) . Additionally, treatment with 4-MU successfully inhibited a significant upregulation of Ccl5 mRNA in co-culture.
There is evidence that CAF can affect cancer cells more potently than normal fibroblasts (42) (43) (44) . Consequently, mRNA expression of EMT markers as well as proliferation and migration were also measured in co-cultures with KYSE-410 cells and CAF. However, no significant differences were detected ( Fig. 9, E-J) . There was a trend toward induced CDH1 mRNA expression in 4-MU-treated KYSE-410 cells compared with vehicle-treated cells.
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(CD11b ϩ /F4/80 ϩ /CD206 ϩ cells) and immunohistochemical staining of Mac2 (Fig. 10A ). Because direct contact to cancer cells led to increased HA synthesis and chemokine secretion in fibroblasts, we analyzed whether this could be a synergistic mechanism with respect to the tumor immune response. Therefore, we investigated whether HA promotes the adhesion of immune cells that may be recruited to the tumor. CD14 ϩ , CD3 ϩ , CD4 ϩ , and CD8 ϩ cells were isolated from human buffy coat, and their binding to xenograft tumors was quantified after hyaluronidase digestion or control treatment. The adhesion of CD14 ϩ cells to the tissue did not depend on HA (data not shown). Interestingly, CD3 ϩ lymphocyte subsets showed distinct adhesion patterns. Whereas HA increased CD4 ϩ binding, CD8 ϩ binding was independent of HA ( Fig. 10, B and G) .
Discussion
This study shows that direct co-culture of KYSE-410 cells and fibroblasts induced Has2 mRNA expression in fibroblasts. In SF, this induction was mediated by direct cell-cell contact and dependent on LEF1, and it was associated with a myofibroblast phenotype. Additionally, CCL5 expression was up-regulated and CCL11 expression was down-regulated in fibroblasts. Similar effects of co-culture of CAF and KYSE-410 cells on chemokine expression were detected that were, however, modulated by 4-MU treatment.
It was shown previously (23, 24) that melanoma cell conditioned medium induces Has2 mRNA expression in fibroblasts. This is mediated by platelet-derived growth factor receptor-PI3K-AKT and MAPK pathways (23, 24) . In this study, we show for the first time that LEF1 was required for the induction of Has2 mRNA expression in fibroblasts. LEF1 is both a target gene and downstream transcription factor of, for example, Wnt signaling. The fact that Wnt2 and Lef1 were up-regulated and the detection of nuclear ␤-catenin in SF could be signs of activated Wnt signaling in direct co-cultures. In line with this, it was reported previously (45) that highly active mutant ␤-catenin induces Has2 mRNA expression in prostate cancer cells. Moreover, in Madin-Darby canine kidney cells, ␤-catenin overexpression leads to the formation of a pericellular HA coat (18) . In addition, coordinated induction of Has2os2 that was also dependent on LEF1 probably contributed to increased Has2 transcription, as described for human aortic smooth muscle cells (33) .
In the experimental set-up presented in this paper, the induction of Has2 mRNA expression was dependent on direct cell-cell contact. Mechanistically, KYSE-410 cells may induce fibroblasts to produce autostimulatory Wnt proteins, such as Wnt2, upon direct cell-cell contact. Indeed, CAF isolated from ESCC tissue show increased Wnt2 and Wnt5a expression compared with normal fibroblasts (44) . The reduced amount of ␣SMA in co-cultures with Has2 knockdown SF underlines the role of HA in myofibroblast differentiation. HAS2 overexpression alone does not induce the differentiation of fibroblasts (46) . However, HA is required for a TGF␤-dependent ␣SMA stimulation in fibroblasts (47) . It was shown that ESCC cell lines are able to induce a myofibroblast phenotype in fetal esophageal fibroblasts by TGF␤ (48) . Interestingly, modulation of ␣SMA by HA was only detected in SF. In co-cultures of KYSE-410 cells and CAF, 4-MU treatment did not affect the amount of ␣SMA. This may be due to an already differentiated phenotype of CAF.
Besides an up-regulation of Has2, induction of CCL5 was observed in co-cultures. These results are in agreement with the finding that CAF isolated from ESCC tissue have an increased CCL5 gene expression compared with normal fibroblasts (44) . It was shown for co-cultures with MDA-MB-231 breast cancer cells or ovarian cancer cells that these cells can induce Ccl5 mRNA expression in mesenchymal stromal cells and normal fibroblasts, respectively (21, 49) .
Importantly, the inhibition of HA synthesis by 4-MU decreased Ccl5 mRNA expression in co-cultures with CAF. Thus, in CAF, the induction of Has2/HA synthesis may modulate the chemokine expression. It was shown that low molecular weight HA induces CCL5 in macrophages (50) . HA can signal via several receptors, such as CD44, RHAMM, and TLR-2 and -4. In keratinocytes, TLR-2 and -4 modulate CCL5 expression, because a knock-out of these receptors leads to decreased CCL5 in mouse tissue (51) . Additionally, CD44 may be involved in CCL5 expression. IL-6 increases Has1, Has2, and Ccl5 mRNA expression in cardiac fibroblasts. By knockdown of CD44 in these cells, CCL5 was no longer significantly induced (52) .
It was reported that CCL5 can directly affect cancer cells by promoting invasion and proliferation (41, 53) . We assume that direct CCL5 effects on KYSE-410 cells are of minor relevance because the mRNA of the chemokine receptors CCR3 and -5 was not consistently expressed in the mono-and co-culture of KYSE-410 cells, and CCR1 mRNA expression was low and not affected by co-culture. This finding is supported by the fact that migration and proliferation of KYSE-410 cells were not increased in co-culture.
Potentially, the parallel regulation of Has2 and CCL5 acts synergistically on immune cells. CCL5 recruits mainly T lymphocytes and monocytes into the tumor (41) . Also, HA is important for macrophage recruitment (39, 54) , and low molecular weight HA leads to increased numbers of CD3 ϩ lymphocytes (40) . Low molecular weight HA can induce chemokine and cytokine expression of macrophages and act as an adjuvant to enhance the T cell response (50, 55, 56) . Furthermore, cells can produce leukocyte-adhesive HA in cable-like structures upon various inflammatory stimuli (57) . In xenograft tumor sections, HA did enhance the binding of CD3 ϩ cells, particularly of CD4 ϩ subsets. It is known that HA produced by poly(I:C)-stimulated lung fibroblasts plays a role in CD4 ϩ T lymphocyte retention in vitro (58) . In contrast, the binding of CD8 ϩ cells was not affected by HA digestion. In many tumors, CD8 ϩ cells are associated with a better prognosis because they mediate cytotoxic anti-tumor effects. CD4 ϩ cells comprise heterogeneous subsets displaying differential influence on tumor progression. For example, T helper 1 (Th1) cells support cytotoxic anti-tumor effects, whereas regulatory T-cells (Treg cells) are described as being tumor-promoting by inhibiting cytotoxic immune responses, although in a meta-analysis of human studies, Treg cell infiltration was not associated with a poorer prognosis (59) . For Treg cells, it was shown that high molecular weight HA enhances their function (60, 61) , thereby promoting immune tolerance. This is another aspect of how HA may modulate the immune responses in tumors.
CCL5 is often described to exhibit tumor-promoting capacity. In a murine breast cancer model, CCL5 deletion results in attenuated tumor and metastasis burden and impairs Th2 polarization (62) . However, in a murine breast cancer model with CCL5 knockdown in tumor cells only, no differences in tumor growth or metastasis occurred (63) . However, in squamous cell carcinoma, knockdown of CCL5 leads to tumor regression and reduced numbers of recruited Treg cells (64) . Further, knockdown of CCL5 in murine colorectal carcinoma cells delays tumor growth and decreases both Treg cell infiltration and CD8 ϩ T-cell apoptosis (65) . In contrast, in human ESCC tissue samples, CCL5 is correlated with increased CD8 ϩ lymphocyte markers and a prolonged overall survival of patients (66) . In this study, 4-MU decreased the Ccl5 mRNA expression in CAF co-cultures. This could be a novel mechanism of how 4-MU can exhibit anti-cancer activity.
The chemokine CCL11 was decreased in fibroblasts by coculture. CCL11, also known as eotaxin-1, is involved in the recruitment of eosinophils. Additionally, it can recruit basophils and T helper 2 lymphocytes (67, 68) . There are sparse data on the impact of CCL11 on cancer progression. On one hand, CCL11 was shown to promote the proliferation and invasion of ovarian cancer cells and to recruit endothelial cells that support angiogenesis (69) . On the other hand, CCL11 overexpression results in decreased tumor growth in a murine model of hepatocellular carcinoma (70) . In BALB/c CCL11 knock-out mice, growth of fibrosarcoma was induced compared with control (71). In CCL11 knock-out mice, IL-5 knock-out T helper 2 lymphocytes were unable to reduce melanoma lung metastasis (72). Scale bar, 100 m. B, adhesion of activated CD3 ϩ cells (white) to xenograft tumor sections with or without prior hyaluronidase (Hyal) digestion. Nuclei were stained with DAPI (blue). C, number of CD3 ϩ cells bound to xenograft tumor sections normalized to the area and depicted as -fold of control (n ϭ 6). D, binding of activated CD4 ϩ cells (white) to xenograft tumor sections with or without prior Hyal digestion. Nuclei were stained with DAPI (blue). E, number of CD4 ϩ cells bound to xenograft tumor sections normalized to the area and depicted as -fold of control (n ϭ 6). F, adhesion of activated CD8 ϩ cells (white) to control xenograft tumor sections or to sections that were digested with Hyal. DAPI staining is shown in blue. G, number of bound CD8 ϩ cells to xenograft tumor sections normalized to the area and depicted as -fold of control (n ϭ 6). Data are presented as mean Ϯ S.E. (error bars). *, p Ͻ 0.05.
In conclusion, KYSE-410 cells stimulated both normal fibroblasts and established CAF to produce an HA-rich and immunomodulatory microenvironment. This interaction may therefore result in tumor-promoting inflammation, and 4-MU treatment in CAF potentially disrupts these processes. In addition, interfering with Wnt signaling may result in an inhibition of Has2 induction.
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